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Introduction
Seeds of flowering plants (angiosperms) are distinguished from those of their closest relatives (gymnosperms) by the presence of endosperm, a product of the second fertilization event that occurs at the inception of each angiosperm seed. In gymnospermous seeds, embryos depend directly on nourishment from the female gametophyte. The evolutionary origin of endosperm, a genetically biparental entity, represents the insertion of a paternal genome into a part of a seed that can act as the site of nutrient acquisition and storage.
Endosperm has consequently been viewed as an arena for interparental conflict over how maternal resources are distributed among offspring [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . The theory of interparental conflict proposes that, when mothers (maternal sporophytes) use limited resources to support the growth of offspring with multiple fathers, the parents of individual embryos may have different genetic interests with respect to nutrient investment in offspring development. Assuming that the father of an embryo is unrelated to fathers of other embryos, fitness of an individual father will be maximized by increasing maternal investment into its own offspring. Conversely, maternal fitness will be maximized by strategically distributing resources among offspring to maximize their collective (rather than individual) fitness. Therefore, the effect of greater paternal control over seed development should be to produce more assertive offspring that draw more & 2018 The Author(s) Published by the Royal Society. All rights reserved.
resources, while greater maternal control should restrict excessive resource investment into any single seed.
Reciprocal interploidy crosses have provided evidence that endosperm development is affected by parental genome dosage, in a manner consistent with interparental conflict [8, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . In these experiments, diploid (2n) and tetraploid (4n) individuals of the same species are reciprocally crossed to create embryos and endosperms that have different ratios of maternal and paternal genome complements than are found in homoploid (2 Â 2 and 4 Â 4) crosses. If the parental origin of a genome complement matters (rather than total ploidy), the potential for greater maternal or paternal influence on offspring development is introduced. Results of interploidy crosses are remarkably consistent across a diversity of angiosperm species (reviewed in [8, 19] ): in maternal-excess crosses (4 Â 2), endosperm proliferation is suppressed, while in paternal-excess crosses (2 Â 4), endosperm proliferation is promoted. Specifically, changes to the timing of endosperm cellularization [19, 23] and/or changes to the rates of nuclear or cellular divisions in the endosperm [9, 15, 16] result in the observed parent-of-origin effects on development. Because endosperm plays a significant role in the regulation of embryo development [23] , seed coat development [24] and resource acquisition from the maternal sporophyte [25] , changes to endosperm development have far-reaching consequences for seed development as a whole. In many cases, particularly with paternal-excess crosses, endosperm development is sufficiently perturbed that seeds abort [8] .
The consistency of parent-of-origin effects on endosperm proliferation across a wide diversity of monocot and eudicot angiosperms has led to the suggestion that interparental conflict has affected the evolution of seeds ever since the origin of angiosperms [7, 26] . However, while seeds of nearly all angiosperms (including early-diverging lineages) have endosperm, interploidy crosses have not been performed with any species from clades whose origins predate the evolutionary origins of monocots and eudicots. This perhaps is not surprising, as robust interploidy crosses require genetically homogeneous lines of multiple ploidy levels, as well as reproductive systems and growing conditions in which controlled cross-pollinations are possible. The vast majority of earlydiverging angiosperm species are long-lived trees, lianas or aquatic plants, and do not satisfy these requirements.
Nymphaea thermarum is a member of the Nymphaeales, one of the most ancient lineages of flowering plants. As a diminutive water lily that prefers very shallow water and has a short generation time, it is a uniquely tractable experimental system. Nymphaea thermarum is unusual for a water lily in that pollen is released prior to anthesis, making it biologically predisposed to self-fertilization. Seed development is, however, generally typical of Nymphaeaceae [27] (figure 1). Seeds of N. thermarum are primarily composed of perisperm, a nutrient storage and embryo-nourishing tissue derived from the nucellus ( part of the maternal sporophyte). In mature seeds, the embryo is small, but morphologically well developed (cotyledons and some epicotylar leaves are present). The endosperm of N. thermarum is diploid, undergoes ab initio cellular development, and persists at seed maturity as a single layer of cells that separates the embryo from the surrounding perisperm. Diploid, cellular endosperm is distinct from that of the vast majority of angiosperms, where endosperm is triploid (owing to an additional maternal genomic complement) and undergoes an initial stage of free-nuclear development [26, 28] . However, diploid, cellular endosperms are found in most members of early-diverging angiosperm lineages and are thought to be ancestral for angiosperms as a whole [28] [29] [30] [31] [32] . While most interploidy crosses have been performed using species with triploid, free-nuclear endosperm, a small number of evolutionarily derived eudicot species characterized by diploid or cellular endosperm (but not both) have been similarly studied [12, 13, 15, 16] . Some of these crosses displayed reciprocal modifications to endosperm and embryo development [15, 16] , so neither triploid nor free-nuclear endosperm are strictly required for parent-of-origin effects on endosperm development to occur.
The unique seed biology of Nymphaeaceae raises several questions about how, and even whether, parent-of-origin effects on seed development are expressed in this lineage. Because the nutrient storage tissue is derived from the maternal sporophyte, the effect of higher paternal ploidy on nutrient investment into seeds might be minimal. However, the fact that endosperm remains at the physiological and structural interface between an embryo and the perisperm means that endosperm must still have an important role in mediating nutrient dynamics within the seed.
In a broader context, the presence and nature of parent-oforigin effects in the Nymphaeales will provide a much-needed perspective on the question of whether interparental conflict during seed development influenced the early evolution of flowering plants. We, therefore created autotetraploid lines of N. thermarum and used them for homoploid and reciprocal interploidy crosses with diploid lines. We analysed the development of resulting ovules or seeds from just before fertilization through to seed maturity, and found that endosperm, embryo and perisperm development differ between cross-types-in ways that match and also uniquely differ from the results of previous studies in eudicots and monocots.
Material and methods (a) Creation and verification of autotetraploid lines of
Nymphaea thermarum
Nymphaea thermarum seeds from the Botanische Gärten der Universität Bonn (Bonn, Germany) were sown and plants grown at the greenhouses of the Arnold Arboretum of Harvard University, according to established protocols [33] . Seeds from a single fruit of N. thermarum were surface sterilized [34] and placed in a sterile dish with water. Once seedlings began to rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20172491 germinate, they were transferred to two separate Petri dishes, each containing a solution of either 0.25% colchicine, 0.005% Silwet L-77 or 0.025% colchicine, 0.005% Silwet L-77. For the next 16 -72 h, every 1, 4 or 12 h, a cohort of 10 seeds was removed from each solution, rinsed and transferred to a sterile dish with water to monitor viability.
Surviving seedlings were propagated and their ploidy was assessed via either flow cytometry and/or chromosome counting, as was the ploidy of embryos from some of the subsequent interploidy crosses (electronic supplementary material, Material and methods) [27, 35] . Tetraploid individuals were allowed to self-fertilize to produce additional tetraploid plants to act as parents for the interploidy crosses.
(b) Crosses and collection of plant material Individual plants used for controlled crosses included autotetraploids (4n) and diploids which had not been treated with colchicine (2n) (electronic supplementary material, Material and methods). Multiple controlled crosses were performed for each cross-type (2 Â 2, 2 Â 4, 4 Â 2, 4 Â 4), from July 2014 to November 2015 (electronic supplementary material, Material and methods), and fruits were collected at 7 days after anthesis (DAA), at 13 DAA and at seed maturity (25) (26) (27) (28) (29) (30) (31) (32) . In addition, flowers of diploid and tetraploid individuals were allowed to self-pollinate, and fruits were collected at seed maturity (in order to test whether seeds from self-fertilized and out-crossed individuals differed significantly: electronic supplementary material, Material and methods). Diploid and tetraploid floral buds were collected the day before anthesis (petal tips were visible, but lacked stigmatic fluid secretion or pollen release [27] (c) Seed counts and seed germination For mature fruits, seeds were removed from surrounding fruit tissues and counted. Seeds that were not fixed for histological analysis (typically between 10 and 200 seeds per fruit) were surface sterilized [34] and placed in a dish with water. Seed germination was monitored weekly for up to a month after collection. Once additional seeds no longer germinated, the numbers of germinated and ungerminated seeds were tallied.
(d) Microscopy for seed tissue measurements and embryo morphology
In order to measure seed component sizes at different time points, samples were prepared for confocal microscopy and imaged according to previously developed protocols [27] (electronic supplementary material, Material and methods). Measurements (maximum area of the nucellus, female gametophyte, perisperm, endosperm and embryo in longitudinal section) and scoring of embryo developmental stage (filamentous, globular or cotyledons initiated) were made from either single optical sections or threedimensional projections. At least, 10 ovules or seeds per fruit were measured. When 10 healthy-looking ovules or seeds were not available, as many as possible were measured.
(e) Data analysis
In order to ensure that significant results were not derived from the effects of one or two potentially anomalous data points, outliers were defined as being greater than 3 s.d. from the grand mean (calculated using all data points per tissue type) and omitted from subsequent analysis. Average endosperm cell size at 7 DAA was calculated by dividing endosperm size (maximum area in longitudinal section) by the number of endosperm cells. Significance level a ¼ 0.05 was used to assess effect p-values. Datasets are available in the electronic supplementary material, Datasets 1.1-1.8. The number of 4 Â 4 outcrossed fruits that set enough mature seed to test both seed germination efficiency and perform histological analysis was too low to allow for conclusions about that cross-type. However, seeds from self-fertilized diploid and tetraploid plants were readily available, and were not significantly different from seeds produced via cross-pollination (or the magnitude of the difference was very small, less than 5%), for seed germination and for all seed component measurements (electronic supplementary material, Material and methods). We, therefore, included measurements from 2n and 4n self-fertilized seeds in (respectively) the 2 Â 2 and 4 Â 4 datasets for seed germination and seed component sizes.
Mixed linear effect models were used to fit data on ovule or seed component sizes and embryo morphological development, a generalized linear effect model was used to fit data on seed germination and a zero-inflated generalized linear model was used to fit data on seeds per fruit. For each model, either cross-type or parental ploidies and their interaction were treated as fixed effects. When components from multiple individual seeds from the same fruit were measured, fruit identification was included as a random effect. Full descriptions of models are provided in the electronic supplementary material, Material and methods [36] [37] [38] [39] . For all mixed or general linear models, visual inspection of residual plots did not reveal any obvious deviations from homoscedasticity or normality. Average effect sizes were calculated from the intercept and effect estimates from the model outputs.
Growth rates were calculated using the output of mixed linear models of effect of cross-type on endosperm (and female gametophyte) and perisperm (and nucellus) size at 21 DAA, 7 DAA and at maturity. Estimates of seed component size at each time point, as well as a minimum and maximum size (defined as +1 s.e.), were used to calculate the rate of change, and minimum and maximum rate estimates, during early (21 to 7 DAA) and late (7-32 DAA) phases of seed development (electronic supplementary material, Material and methods, and Dataset 1.8).
Results
(a) External appearance of mature seeds does not differ between cross-types, but number of seeds per fruit and seed viability does
Mature seeds (electronic supplementary material, figure S1 ) from the four cross-types (2 Â 2, 2 Â 4, 4 Â 2, 4 Â 4) displayed no obvious differences in external appearance (electronic supplementary material, figure S2 ). Cross-type also did not significantly affect whether whole fruits aborted (produced no seeds) (electronic supplementary material, table S1). For fruits that did not abort, however, the number of mature seeds per fruit was significantly lower in 2 Â 4, 4 Â 2 and 4 Â 4 crosses, when compared with 2 Â 2 crosses (electronic supplementary material, table S1). Seeds derived from 4 Â 2 and 4 Â 4 crosses that reached maturity were less likely to germinate than seeds of 2 Â 2 crosses (electronic supplementary material, table S1).
(b) Component sizes in mature seeds
In mature seeds (figures 2 and 3a; electronic supplementary material, 
(c) Seed component sizes during early development
Because offspring size varied among cross-types at maturity, we wanted to understand how and when during development, these patterns were initiated. We analysed seeds at 7 DAA, when the endosperm is proliferating (figures 1 and 2; electronic supplementary material, table S4 and figure S4 ). At this early stage, all seed components ( perisperm, endosperm and embryo) from 4 Â 2 crosses were significantly larger than their counterparts in 2 Â 2 crosses (by, respectively, 11, 63 and 22%). At 7 DAA, seed components of 2 Â 4 crosses were not significantly different from those of 2 Â 2 crosses, nor were seed components of 4 Â 4 crosses different from 2 Â 2 crosses (4 Â 4 seed component sizes also had relatively high variation, as evidenced by high standard errors for model coefficients in the electronic supplementary material, table S4).
As the data suggest that maternal ploidy, distinct from cross-type (a combination of maternal and paternal ploidy), may influence seed component sizes at 7 DAA, we fitted a model to test whether maternal ploidy, paternal ploidy or the interaction of maternal and paternal ploidy affected the sizes of seed components (figure 3b; electronic supplementary material, table S6). Seed components with tetraploid mothers were larger by 11% (perisperm), 63% (endosperm) and 22% (embryo) when compared with tissues from seeds with diploid mothers at 7 DAA. Paternal ploidy alone was not a significant factor for the size of any tissue at 7 DAA, nor was the interaction of maternal and paternal ploidy.
(d) Differences in endosperm cell size, but not cell number
Differences in endosperm size were observed among crosses at 7 DAA (figure 2); we tested whether these differences were driven by changes in endosperm cell number or endosperm cell size. Endosperm cell number was not significantly affected by maternal or paternal ploidy, nor their interaction (figure 3b; electronic supplementary material, table S7). Higher maternal ploidy alone had a significant, positive effect on average endosperm cell size. The effect of higher maternal ploidy on endosperm cell size was not dependent on paternal ploidy (figure 3b; electronic supplementary material, table S8). Thus, endosperm produced from crosses with a tetraploid mother had larger cells than endosperm from crosses with diploid mothers, but not more cells.
(e) Sizes of ovule components, prior to fertilization 
rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20172491 endosperm). Increased maternal ploidy had a significant positive effect on sizes of both the nucellus and female gametophyte: 4n maternal sporophytes produced 10% larger nucelli and 25% larger female gametophytes, when compared with counterparts from 2n maternal sporophytes (figure 3b; electronic supplementary material, table S9 and figure S5 ).
(f ) Effects of parental genome dosage on endosperm and perisperm growth rates
To understand how the effects of parental genome dosage on endosperm and perisperm growth changed throughout seed development, we calculated growth rates of each cross-type, for the endosperm and embryo, during early (21 to 7 DAA) and late (7 -32 DAA) development (figure 4). Endosperm growth rate of 2 Â 4 crosses was not significantly different from the 2 Â 2 growth rate during early seed development, but during late development, endosperms of 2 Â 4 crosses grew significantly faster than those of 2 Â 2 crosses (figure 4a). By contrast, endosperm growth in 4 Â 2 and 4 Â 4 crosses decelerated between early and late development, relative to 2 Â 2 crosses (significantly so for 4 Â 2 crosses). Patterns of change from early to late development were similar for perisperm (figure 4b), although the magnitudes of relative rate changes were much smaller. In the 4 Â 2 cross, perisperm growth rate decelerated from a significantly higher growth rate compared to the 2 Â 2 crosses in early development to a non-significant difference in rate during late development.
(g) Early embryo morphogenetic transitions differ in timing between cross-types
We characterized embryo developmental stages in each cross-type at two time points: at 7 DAA (when the embryo typically transitions from filamentous to globular development in 2 Â 2 crosses) and 13 DAA (when embryos typically initiate cotyledons in 2 Â 2 crosses). Using a general linear mixed effect model, we tested whether cross-type and time (DAA) affected the progression of embryo morphogenetic transitions, relative to 2 Â 2 crosses (figure 5; electronic supplementary material, table S11). At 7 DAA, embryos of both interploidy crosses are as likely to have progressed from filamentous to globular development as were embryos of 2 Â 2 crosses, while embryos of 4 Â 4 crosses were significantly more likely to be developmentally retarded. At 13 DAA both homoploid crosses had similar proportions of embryos that had initiated cotyledons, while fewer 4 Â 2 embryos had cotyledons. All of the 2 Â 4 embryos examined had initiated cotyledons. The slowing of embryo development, in terms of morphogenetic transitions, in maternal-excess crosses was significant, relative to 2 Â 2 crosses.
Discussion (a) Overview
Reciprocal interploidy crosses in N. thermarum provide, to our knowledge, the first evidence of both parent-of-origin effects rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20172491 on offspring development, and of interparental conflict during seed development in an early-diverging angiosperm lineage. We find a variety of parent-of-origin effects, which impact the growth or development of all seed components. Importantly, N. thermarum (like all members of the Nymphaeales) does not sequester nutrients for the embryo in a genetically biparental endosperm. Rather, water lilies store embryo-nourishing reserves in a tissue of the maternal sporophyte, the perisperm. We found that paternal ploidy does not substantially influence the growth of the perisperm in N. thermarum, meaning that the male contribution to offspring (embryo and endosperm) does not influence post-fertilization development of the perisperm. Maternal ploidy does negatively affect perisperm growth however, such that an originally positive effect of higher maternal ploidy is negated by the time of seed maturity ( figures 2 and 4) . Figure 5 . Rates of morphogenetic transitions during embryo development. Per cent of embryos from each cross-type that achieved a specific morphological transition at 7 DAA and 13 DAA. At 7 DAA, embryos were either filamentous or globular. At 13 DAA, embryos were either globular or had initiated cotyledons. Arrows represent rate shifts between 7 or 13 DAA, relative to the 2 Â 2 cross-type; white arrows are non-significant shifts, black arrow is a significant shift. Description and output of the model used to test for significance of shifts is available in the electronic supplementary material, table S11.
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Exclusive maternal control of nutrient storage in N. thermarum is consistent with the prediction that maternal fitness benefits from the ability to restrict (or entirely block) paternal strategies that selfishly increase resource investment into any particular seed. This study, therefore, provides, to our knowledge, the first experimental demonstration that an evolutionary response of maternal sporophytes to the insertion of an additional paternal genome into the seed need not operate only through modifications of offspring (embryo and endosperm) development, but rather can involve tissues derived from the maternal sporophyte.
(b) Ovule and early seed development are affected by maternal ploidy
In N. thermarum, ovules and female gametophytes of 4n maternal sporophytes are larger than those of 2n maternal sporophytes at the time of pollination (21 DAA). A positive relationship between ploidy and cell/tissue/organ size is widely observed among plants [40] , so we interpret the positive effect of higher maternal ploidy on ovule size as an effect of ploidy 'per se'. The positive effects of maternal ploidy per se are still readily apparent 7 DAA for all seed components (perisperm is 11% larger, endosperm 63% larger and the embryo 25% larger, when the mother is a tetraploid). This continued relationship between ploidy of the maternal sporophyte and perisperm size might be expected, as the perisperm is derived solely from the maternal sporophyte. Additionally, because the endosperm and embryo develop within a space initially blocked out by the female gametophyte, the size of the primary endosperm cell must be related to female gametophyte size. We note that early differences in endosperm size between cross-types were driven by differences in cell size, but not cell number-again, suggesting that effects of maternal ploidy per se are not modifications of endosperm developmental processes (such as rate of cell division or differentiation), but rather, are residual effects of the positive relationship between female gametophyte size and maternal ploidy.
(c) Maternal and paternal effects on endosperm development
Mature 3n endosperms of N. thermarum derived from reciprocal interploidy crosses (4 Â 2 and 2 Â 4) are each approximately 20% larger than the 2n endosperms of 2 Â 2 crosses. Endosperm size, however, does not simply scale with endosperm ploidy, as the 4n endosperms of 4 Â 4 crosses were no larger than the 2n endosperms of 2 Â 2 crosses. Similarly, there is no simple relationship between mature endosperm size and the ratio of maternal and paternal genome complements (m : p ratio): endosperms of 4 Â 2 crosses (which have a 2 : 1 m : p ratio) and 2 Â 4 crosses (1 : 2 m : p ratio) were both larger than endosperms of the homoploid 2 Â 2 crosses (1 : 1 m : p ratio).
To understand the effects of parental genome complements, it is essential to consider mature endosperm size within the context of early endosperm development. While endosperms of maternal excess 4 Â 2 crosses are larger than endosperms of 2 Â 2 crosses at seed maturity (a 19% difference), the difference is much less than the 63% difference observed at 7 DAA (figure 3). Higher maternal ploidy is, therefore, associated with a decrease in endosperm growth rate at later stages of development, relative to 2 Â 2 crosses (figure 4a). By contrast, 2 Â 4 endosperms are 21% larger at maturity than 2 Â 2 endosperms, even though sizes of endosperms from 2 Â 4 and 2 Â 2 crosses were not significantly different at 7 DAA ( figure 3 ). An excess of paternal genome complements, therefore, increases endosperm growth rate (figure 4a), as predicted by interparental conflict theory [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] .
(d) Maternal and paternal effects on embryo development
Embryos of paternal-excess crosses in N. thermarum are significantly larger than embryos of both homoploid crosses at maturity. As the embryo eventually displaces the majority of the endosperm chamber in N. thermarum, larger paternalexcess embryos may be a result of the positive effect of excess paternal genome dosage on endosperm size. Embryos of maternal-excess crosses, however, are not larger than 2 Â 2 embryos, despite being similarly accompanied by relatively larger endosperms. The difference between embryos of maternal-and paternal-excess crosses may result from the effect of cross-type on ontogenetic progression. Morphogenetic transitions in maternal-excess embryos slow between 7 and 13 DAA, relative to the rate of embryo development in 2 Â 2 crosses during the same time interval (figure 5). Thus, while paternal-excess embryos are able to use the additional space afforded by larger endosperms, the more slowly developing maternal-excess embryos do not.
In interploidy crosses performed with other angiosperms, changes in embryo development are tightly linked to modifications of endosperm development [23] , either in terms of maximum embryo size or ontogenetic progression. In exalbuminous seeds of Arabidopsis and other species with an initial phase of free-nuclear endosperm development (in which interploidy crosses often result in changes to timing of endosperm cellularization [8, 19] ), embryo development generally does not proceed beyond the heart or globular stages until the endosperm cellularizes [18, 22] . In maternal-excess crosses in rice (in which embryos do not displace the majority of the endosperm at seed maturity; albuminous seeds), precocious cellularization of the free nuclear endosperm is correlated with larger embryos at seed maturity, suggesting that embryo growth is accelerated or prolonged [22] . In Solanum, which is similar to Nymphaea in having ab initio cellular endosperm that is mostly displaced by the embryo at seed maturity, there is a positive correlation between endosperm size and embryo size (both being smaller in maternal-excess crosses) [12] . The effect of maternal excess in N. thermarum is, therefore, a unique manifestation of maternal control, as embryo developmental rate is slowed (not accelerated), and changes in endosperm size do not necessarily coincide with changes in embryo size.
(e) Perisperm growth is not affected by paternal genome dosage
At seed maturity, perisperm size does not differ between 2 Â 2 crosses and any other cross-type. The lack of a positive relationship between maternal ploidy and perisperm size at seed maturity, however, represents the negation of a relationship present earlier in development (when perisperms from 4n maternal sporophytes were significantly larger than perisperms from 2n maternal sporophytes). Accordingly, perisperm growth decelerates over time in 4 Â 2 crosses, relative to 2 Â 2 crosses (figure 4b). Thus, perisperm size, and consequently nutrient rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20172491 investment, into any particular seed are negatively affected by higher maternal ploidy-suggesting an important maternal control on resource allocation during seed development. By contrast, perisperm growth is not affected by paternal ploidy: perisperm growth rate in 2 Â 4 crosses is never significantly different from the growth rate of 2 Â 2 crosses (figure 4b). That paternal ploidy does not affect perisperm development is not unexpected, as perisperm is a maternal tissue that does not receive a paternal genome contribution during fertilization. The fact that paternal genome dosages in the embryo and endosperm also have no effect on perisperm size demonstrates that the father (through paternal ploidy) cannot influence the amount of nutrient allocation into Nymphaea seeds. In N. thermarum, having nutrient acquisition and storage occur in a maternal tissue (as opposed to endosperm), therefore, establishes exclusive maternal control over resource allocation into mature seeds.
(f ) Parent-of-origin effects on seed development in
Nymphaea thermarum
Interploid and homoploid crosses in N. thermarum reveal four types of parent-of-origin effects on seed development. First, an excess of paternal genome compliments is associated with acceleration of endosperm growth rate, relative to 2 Â 2 crosses. Second, embryo morphogenesis is delayed in crosses with an excess of maternal genome compliments, relative to 2 Â 2 crosses. Third, maternal ploidy, independent of paternal ploidy, initially has a large positive effect on ovule and seed component sizes (an effect of ploidy per se). This relationship, however, is no longer evident by the time of seed maturity. Endosperm and perisperm growth rates, therefore, must decelerate before seed maturity in crosses with tetraploid mothers, when compared with crosses with diploid mothers. Finally, we find that growth of the perisperm is affected only by maternal ploidy (such that an originally positive effect of maternal ploidy is erased by the time of seed maturity), meaning that paternal genome dosage has no substantial effect on nutrient investment into a seed.
(g) Interparental conflict and evolution of angiosperm seeds: maternal control via endosperm or perisperm Figure 6 . Evolution of maternal and paternal effects on seed development in angiosperms. Key events in the evolution of endosperm ploidy, endosperm development and seed storage strategies are noted, for relevant angiosperm lineages. Common types of seed structure are illustrated for gymnosperms, Nymphaeales and monocots þ eudicots (early-diverging, rosids and asterids), although they do not represent the full diversity of seed bauplans within these groups. Results of interploidy crosses are summarized for the Nymphaeales, and monocots þ eudicots. Ed, endosperm; Em, embryo; FG, female gametophyte; MS, maternal sporophyte.
rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20172491 components have evolved among flowering plants ( figure 6 ). In angiosperms, enhanced maternal control over seed development can be interpreted as an evolved developmental reaction to the origin of double fertilization [4, 7] . In the last common ancestor of angiosperms and their closest gymnospermous relatives, nutrients were probably stored in a large haploid female gametophyte. The origin of endosperm (in the common ancestor of angiosperms) inserted a paternal genome complement into a seed tissue that separates the embryo from the maternal sporophyte (nutrient source), and, therefore, provided an additional opportunity for paternal interests in offspring development to be expressed. Interparental conflict theory predicts that in this scenario, paternal fitness is maximized by selfishly promoting maternal resource allocation to its offspring (an embryo and endosperm within a single seed) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Consistent with this conceptual framework, we observe that higher relative paternal genome dosage has a positive effect on endosperm growth in N. thermarum (figure 4). Increased paternal control over resource investment in a seed, however, can be detrimental to maternal fitness if unchecked. The predicted maternal response to the presence of a paternal genome in a sexually formed embryo-nourishing tissue (endosperm) is to reduce paternal influence on resource allocation [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . This could be accomplished by increasing maternal control of gene expression during endosperm development, and/or by transferring the function of nutrient acquisition back to a maternal tissue (e.g. one that lacks the paternal genome of a fertilization product). Most angiosperm taxa appear to employ the first strategy, and increase maternal influence on gene expression via two mechanisms [42] . One mechanism has been to increase absolute maternal genome dosage, as is seen with the addition of maternal complement(s) in triploid or higher ploidy endosperms [25] . The second mechanism involves increasing the effective maternal genetic dosage through genetic imprinting via epigenetic modifications [43] [44] [45] . Even though offspring development is subject to a variety of maternal parent-oforigin effects in N. thermarum, maternal control of resource allocation (or at the very least, absence of paternal control of resource allocation) is definitively established by having nutrient acquisition and storage occur in perisperm, a tissue derived solely from the maternal sporophyte.
Altogether, we find that important parent of origin-effects on seed development observed in interploidy and homoploidy crosses in N. thermarum are consistent with predictions of interparental conflict theory, and shed light on why perisperm may have evolved in the common ancestor of the Nymphaeales. While we find excess paternal genome dosage has a positive effect on endosperm growth, we find that only maternal ploidy is able to impact the growth and maternal investment in the embryo-nourishing tissue (perisperm)-suggesting that the evolution of perisperm in the common ancestor of the Nymphaeales constitutes an effective maternal strategy to control resource distribution. It has been previously proposed that other maternal seed tissues could participate in interparental conflict [4] , but we, to our knowledge, provide the first experimental evidence for the involvement of perisperm. Perisperm has evolved in multiple, distantly related angiosperm lineages [27, 46] , and this homoplasy is suggestive of some adaptive value. To date, there has been no discussion of why storing nutrients in a non-biparental seed tissue would be advantageous. We propose that, at least in the Nymphaeales, the evolution of perisperm represents a maternal response to the increased paternal influence over resource distribution that is inherent to the origin and establishment of endosperm as a major arbiter of offspring interactions with the mother.
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